We have developed a highly sensitive polymerase chain reaction (PCR)-based technique termed two-step PCR, which uses arbitrary primers to identify proviral integration sites in retrovirally marked human colony-forming cells. The two-step PCR was established on cell line clones transduced with the SF1m retroviral vector and independently validated by demonstrating identical integration sites with ligationmediated PCR, a different technique requiring restriction enzyme digestion and adapter ligation for amplifying unknown DNA flanking the provirus. Two-step PCR was performed on peripheral blood progenitor cell (PBPC) colonies that contained as few as 75 cells, which was estimated by quantitative real-time PCR. We were able to amplify and directly sequence proviral integration sites in 35 % of PBPC colonies (25/72, five donors). Identity to the vector long-terminal repeat was confirmed and flanking DNA was found to match with human database sequences, reaffirming specificity. Two-step PCR is a valuable new tool for rapid analysis of genomic target sites for viral vectors, and will aid significantly in understanding clonal development of hematopoiesis and other cell types. Our protocol has the potential for general applicability as the arbitrary primers described here bind to genomic DNA and are thus independent of the vector backbone used.
Retrovirus-mediated stem cell gene therapy is a promising strategy for curing nonmalignant diseases or improving treatment outcome of malignancies. 1, 2 However, a recent report of leukemia induced by retroviral gene marking in a mouse model 3 underlines the importance of studying the cellular integration sites of vectors, in order to assess the risks associated with their use in patients. From a basic science point of view, studies on the integration of retroviral vectors in hematopoietic stem cells can serve as fingerprint analysis to investigate the dynamics of stem cell repopulation, that is number and size of active clones, change in clonal composition over time and multipotentiality of progenitor cells. 4, 5 A detailed integration site description requires polymerase chain reaction (PCR)-based amplification of the fusion fragment where the proviral long terminal repeat (LTR) joins the genomic DNA followed by sequencing. Basically, two amplification strategies have been used to characterize retroviral vector integration sites in hematopoietic stem cells on a molecular level. One approach is an inverse PCR where the vector LTR to genomic DNA junction is circularized after restriction enzyme digestion and amplified by PCR. 5, 6 The other approach is a ligation-mediated PCR (LM-PCR), which involves ligating a short adapter oligonucleotide to the unknown flanking DNA allowing PCR amplification. [7] [8] [9] Both these methods require numerous DNA preparation steps before amplification, which may limit their sensitivity. Therefore, the aim of this study was to establish a sensitive and rapid method to characterize retroviral vector integration sites. Methods using arbitrary primers 10, 11 or primers against repetitive genomic DNA sequences 12 that hybridize to the unknown flanking DNA regions have been described to analyze retroviral integration sites. These methods do not require prior DNA manipulations like restriction enzyme digestion, adapter ligation or circularization of DNA fragments. Therefore, they can potentially be performed with very small amounts of DNA. We adapted an arbitrary primer PCR technique 10 ( Figure 1a ) and validated this method with LM-PCR on retrovirally transduced cell line clones. We then show its applicability to analyze retroviral integration sites in colony-forming human CD34 + peripheral blood progenitor cells (PBPC), a cell population that is an indicator for transduction of human hematopoietic stem cells.
Seven different arbitrary primers (FP1-FP7; Figure 1b ) were constructed according to a model described by Srensen et al, which has previously been used for the integration analysis of wild-type retroviruses. 10, 13 These primers consist of a long 5 0 tail, seven random nucleotides (N) and five fixed nucleotides at the 3 0 end that differentiated the seven primers.
To identify the most suitable primers for our application, we performed two-step PCRs with each of those primers in combination with a specific primer for the known proviral LTR segment on two human fibrosarcoma cell line clones (HT1080 clones N2 and N3) that were transduced with the human multidrug resistance 1 (MDR1) gene by means of the SF1m retroviral vector described below. The same vector was used to transduce human PBPC (see below).
Three arbitrary primers (FP2, FP4 and FP5) turned out to be most useful, as they did not avidly bind to proviral sequences close to the 3 0 LTR. Only a low number of internal fragments containing exclusively vector sequences were observed with FP2, FP4 and FP5 (data not shown). On the contrary, most of the fragments obtained after two-step amplification using one of the other four arbitrary primers (FP1, FP3, FP6 and FP7) were confirmed as 3 0 LTR internal bands by sequencing (data not shown).
FP2, FP4 and FP5 generated PCR products of the LTRgenomic DNA junctions (5 0 LTR external fragment) in both HT1080 cell line clones, which were subsequently sequenced ( Table 1 ). In clone N3 two different junctions were detected. The first one was detected by FP2 (750 bp band, Figure 2a ) and FP5 (data not shown), while the second junction was detected by FP4 (1000 bp band, Figure 2a ). Importantly, both integrations could be detected in one reaction using a cocktail of the primers FP2 and FP4 (Figure 2b ). In order to validate these results, we furthermore analyzed retroviral integration sites in these HT1080 cell line clones with a different method, an LM-PCR modified after Rosenthal and Jones 14 and Schmidt et al. 7 After extensive studies with three different restriction enzymes to create a large variety of amplification permissive restriction fragment length polymorphisms, we found a total of three different retroviral integration sites in the two HT1080 cell line clones. These vector integrations were identical to those detected by two-step PCR with FP2, FP4 or FP5 as arbitrary primers (Table 1) , thus confirming the reliability and sensitivity of the two-step PCR. In two further HT1080 clones (N1 and N4), we detected an integration site by LM-PCR and not by two-step PCR (N1) and vice versa (N4, data not shown), pointing to the complementary potential of these two methods in detecting retroviral integration sites.
Next, we applied the optimized two-step PCR technique in order to detect retroviral vector integration sites in colony-forming human PBPC. In this study, the MDR1 gene was transferred into human mobilized CD34 + PBPC by a Friend mink cell focus-forming/murine embryonic stem-cell virus (FMEV) type vector, the SF1m retroviral vector carrying the human multidrug resistance 1 gene. 15 This vector has been shown to mediate high Pglycoprotein (MDR1 gene product) expression, conferring a drug-resistant phenotype in early hematopoietic cells in vitro [15] [16] [17] [18] and permitting sustained transgene expression in vivo. 19, 20 A systematic analysis of cisregulatory elements that influence transcription and post-transcriptional processing of transgene RNA showed that strong transactivation in hematopoietic cells can be achieved by the use of Spleen focus-forming virus enhancer/promoter (SFFVp). To exclude repression mediated by the retroviral primer binding site (PBS) in multipotent stem cells, the retroviral vector contained the permissive murine embryonic sarcoma virus (MESV) leader. On the basis of these data, the so-called FMEV hybrid vectors were cloned. FMEV vectors clearly are superior to conventional retroviral vectors for the expression of MDR1 in hematopoietic cells. 15 Mobilized CD34 + PBPC were transduced with the SF1m retroviral vector and cultured in semisolid medium in the presence or absence of vincristine ( Table 2 , donors 1 and 2). Vincristine was added to the plates in order to select for Figure 1 Outline of two-step PCR with arbitrary primers (a) Scheme of the two-step PCR procedure. The two-step PCR method was adapted and modified from Srensen et al. 10 PCRs were performed in a 50 ml reaction volume with 2.6 U of the Expand High Fidelity Mix (Roche) and 1.5 mM magnesium. DNA (5-500 ng) of the different HT1080 clones or 20 ml colony DNA were subjected to the first PCR with 70 pmol of a single arbitrary primer (FP1-FP7) or 100 pmol arbitrary primer cocktail mix (FP2 and FP4, 50 pmol each) together with 20 pmol biotinylated LTRspecific primer GSP1-bio (5 0 biotin-TGGCCCAACGTTAGCTATTTT-CATGTA-3 0 ). In total, 40 ml of the first-round PCR product was incubated with prewashed streptavidin-coated magnetic beads (Kilobase Binder Kit, Dynal, Oslo, Norway) for 3 h according to the manufacturer's instructions. After the binding period, unspecific fragments were rinsed off twice with washing solution and the purified bound DNA fragments were melted with 8 ml NaOH 0.1 M and removed from the immobilized beads. These melted single strands were adjusted to a volume of 30 ml by the addition of 4 ml HCl 0.2 M (neutralization) and 18 ml Tris 55.5 mM pH 8.0 (buffer), and 3 ml were used for the second PCR. The second PCR was carried out with an inner LTR-specific primer (GSP5: 5 0 -CCTTGATCT-GAACTTCTCTATTCTTGGTTTG-3 0 ; 20 pmol) and a primer binding to the 5 0 tail of the arbitrary primers (AP2: 5 0 -ACTATAGGG-CACGCGTGGT-3 0 ; 10 pmol). PCR was performed with the following parameters: 941C for 2 min, followed by 35 cycles of 941C for 20 s, 501C (first PCR) or 651C (second PCR) for 45 s and 681C for 3 min followed by a final extension at 721C for 10 min. A volume of 10 ml of the second PCR product was checked by electrophoresis on a 1.5% agarose gel. In parallel, the remaining volume of the PCR product was loaded onto a preparative agarose gel and individual bands were excised. DNA was purified with a Qiagen Gel Extraction Kit and sequenced directly. (b) Sequences of arbitrary primers FP1-FP7 used in this study.
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B Gentner et al MDR1-expressing (vector-positive) colonies. As expected, the percentage of MDR1-positive colonies was increased up to five-fold in the presence of vincristine (eg 48% versus 10%, donor 2; Table 2 ). A total of 182 individual colonies from five different SF1m transduced PBPC donor samples were analyzed. Genomic DNA of the harvested colonies was isolated and screened by PCR for the presence of the MDR1 gene.
Since the PCR product overlapped an exon junction, the wild-type MDR1 gene and the proviral MDR1 transgene could be distinguished (Figure 3a and b) . In total, 72 colonies (40%) were positive for the MDR1 transgene and thus qualified for integration site analysis. The DNA amount of an MDR1-positive colony ranged from 450 pg to 365 ng as assessed by quantitative real-time PCR. This corresponds to a sensitivity of 75 or more cells per reaction. Two-step PCR was performed on the 72 colonies that contained the MDR1 provirus (examples in Figure 4 ) using the FP2-FP4 cocktail mix. The resulting amplified junctions were then directly sequenced. Another two-step PCR with FP5 was performed on colonies that did not yield informative fragments in the PCR with the FP2-FP4 primer mix. FP5 did not add significantly to the total yield of informative fragments, as additional junctions were only found in 6% of previously uninformative PCR reactions (data not shown).
Of the 72 colonies, 61 yielded a specific PCR product, that is either an informative band (25 colonies) or an internal 3 0 LTR fragment. In most cases, one to five clear, robust bands per colony were amplified. In 10 out of 25 colonies containing external bands, the informative fragment was the only amplicon seen in the gel (eg Figure 4, lane 7) . The remaining 15 colonies showed several robust bands (2-5) per colony, that is internal and external fragments (eg Figure 4 , lane 31). In colony 10 depicted in Figure 4 , two external bands were found. The bands were sequenced and contained the identical LTR- TaqI or EcoRV (both Roche Diagnostics, Mannheim, Germany) to create integration site-specific restriction fragment length polymorphisms (RFLP). Reactions were purified using the PCR Purification Kit (Qiagen). Fragments containing the junction between the LTR and the genomic flanking DNA were marked and enriched. An LTR-specific biotinylated primer (GSP1-bio: 5 0 biotin-TGGCCCAACGTTAGC-TATTTTCATGTA-3 0 ) was annealed to DNA fragments containing vector LTR and extended using 2.5 U Pwo polymerase (Roche Diagnostics, Mannheim, Germany). DNA was purified and enriched for biotin-marked fragments with streptavidin-coated paramagnetic beads (Kilobase Binder Kit, Dynal, Olso, Norway). Next, an adapter oligo-cassette (Universal Genome Walker Kit, CLONTECH Laboratories, Inc. Palo Alto, CA, USA) was ligated blunt-end to the LTR-distant portion of enriched fragments while attached to the beads to create binding sites for forward primers. Beads were resuspended with ligation mix (0.5 U T4-Ligase (Invitrogen, Karlsruhe, Germany), 5 Â Ligation Buffer (Invitrogen), 5 pmol Genome Walker Adapter) and incubated at 161C for 16 h under moderate agitation. Then the ligase was inactivated for 5 min 701C. PCR of the fragments was performed using the Expand High Fidelity PCR System (Roche Diagnostics) with standard Mg 2+ and dNTP concentrations together with the LTR-specific primer (GSP1: 5 0 -TGGCCCAACGTTAGCTATTTTCATGTA-3 0 ) and the adapter-specific primer (AP1: 5 0 -GTAATACGACTCACTATAGGGC-3 0 ). Nested PCR was done with internal primers (GSP5: 5 0 -CCTTGATCTGAACTTCTC-TATTCTTGGTTTG-3 0 ; AP2: 5 0 -ACTATAGGGCACGCGTGGT-3 0 ). PCR products were analyzed on agarose gels and individual bands were excised and purified by the Gel Extraction Kit (Qiagen). Sequencing of individual PCR amplicons was performed using an ABI Prism Genetic Analyzer 310 (Applied Biosystems, Weiterstadt, Germany) according to the manufacturer's instructions. Four clones (N1, N2, N3 and N4) were used in this study. DNA was prepared using the QiaAmp protocol (Qiagen, Hilden, Germany). Two-step PCR was performed on HT1080 cell line clone N3 using either arbitrary primers FP2 and FP4 alone (a) or FP2/FP4 in a cocktail (b). Twostep PCR with a primer cocktail allows the simultaneous detection of different retroviral integration sites in HT1080 cell line clone N3.
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genomic DNA junction, thus confirming the specificity of the amplified product. The differing length of 700 and 400 bp of these fragments must have originated from binding of the degenerate primers in different portions of the flanking DNA. Low-intensity background bands that appeared in some MDR1-positive and also in MDR1-negative colonies (eg Figure 4 , lanes 9 and 10, 'Neg.') were cloned and sequenced. They did not contain LTR sequences and thus represented unspecific fragments. Two-step PCR has been successfully used to study wild-type retroviral integrations in cell lines, 10 retroviral integrations in tumor DNA from mice, 13 and hepatitis B virus integrations in peripheral blood mononuclear cells. 21 We demonstrate that this simple and fast approach can also be used to study retroviral vector integrations in day 14 colonies of CD34 + PBPCs, a setting in which DNA amount is very limited, especially under cytostatic drug selection, supressing the growth rate of the cells. High-quality sequences of the LTR-genomic DNA junctions could be obtained after only five standard steps (first PCR, enrichment, second PCR, agarose gel electrophoresis and direct sequencing). No labor-intensive cloning procedures were necessary.
One challenge when analyzing retroviral integration sites with two-step PCR is the fact that the proviral 5 0 and 3 0 LTRs are identical, possibly leading to multiple uninformative fragments arising from the 3 0 LTR sequence. Our first step was to find suitable arbitrary primers that did not avidly bind to internal SF1m proviral sequences. Two arbitrary primers were identified that detected the vector integration sites in two HT1080 clones without producing too many internal bands. Using two arbitrary primers in a certain cocktail ratio gave the additive results compared to the single primers used alone. The validity of our data is confirmed by finding the same integrations in these cell line clones by LM-PCR, a highly sensitive method to detect retroviral integration sites.
7 Two-step PCR was equally successful in detecting these integration sites but required less time and effort. An advantage of our protocol is the general applicability to vector integration studies as the arbitrary primers (FP1-FP7) bind to the flanking DNA and are not vector specific. Our results suggest that mixtures of primers FP2 and FP4 are most suitable for the sensitive detection of integration sites.
The two-step PCR with arbitrary primers was highly sensitive in detecting integration sites, even in small PBPC colonies after drug selection. In 84.7% of colonies containing 450 pg to 365 ng DNA, LTR-containing fragments corresponding to informative 'external' fragments and uninformative 'internal' fragments ( Figure 1a ) could be identified. Laskus et al 21 reported a sensitivity down to 10 genome copies with this method when applied to integration analysis of hepatitis B virus.
Specificity of the two-step PCR reaches 100% when bands are sequenced and the LTR identity is confirmed ahead of the unknown sequence. To further investigate the reliability of the two-step PCR method, we ran a database search on our integration sequences. Of note, a blast search analysis (http://www.ncbi.nlm.nih.gov/ BLAST/) on 19 flanking human sequences showed that 12 sequences could unambiguously be matched with 
Mobilized peripheral blood CD34 + cells were obtained from five donors after informed consent. The study was approved by the ethical committee of the University of Heidelberg. CD34 + cells were prepared as described. 22 Briefly, CD34 + cells were isolated from frozen PBPC samples by magnetic microbead selection using the ClinMACS system (Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufacturer's description. Retroviral vector stocks were produced and stored as described. 23 Retroviral transduction was performed as described. 22 In brief, CD34 + cells were prestimulated for 16-20 h at a density of 1 Â 10 6 cells/ml X-VIVO-10 medium (BioWhittaker, Verviers, Belgiun), supplemented with interleukin 3 (20 ng/ml), interleukin 6 (10 ng/ml), stem cell factor (50 ng/ml), Flt-3 ligand (100 ng/ml) and thrombopoietin (20 ng/ml) (R & D Systems, Weisbaden, Germany). Following prestimulation, cells were incubated with retroviral supernatant, containing the hybrid vector SF1m, over two consecutive days. At 24 h after the last infection period with SF1m vector, cells were harvested. Semisolid colony-forming cell assays were performed after transduction. CD34 + cells were plated in duplicate at 2-5 Â 10 3 /ml in 1 ml of complete methylcellulose medium (Methocult GF, H4434, Stem Cell Technologies) containing a mixture of recombinant human cytokines (stem cell factor, interleukin (IL)-1b, IL-3, IL-6, granulocyte colony-stimulating factor, granulocytemacrophage colony-stimulating factor (10 ng/ml each), erythropoietin (3 IU/ml)). Vincristine concentrations to select for MDR1-expressing colonies ranged from 5 to 10 nM. 24 After 14 days of incubation at 371C, 5% CO 2 in a saturated atmosphere, colonies were scored and harvested into 200 ml PBS. Genomic DNA was prepared using the QiaAmp Blood protocol (Qiagen, Hilden, Germany). Colonies were screened for MDR1 transduction as described in Figure 3 . Two-step PCRs were performed on MDR1-positive colonies as outlined in Figure 1 .
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), reaffirming specificity of the two-step PCR.
We were able to identify LTR-genomic DNA junctions in 35% of the colonies with a mix of two arbitrary primers (Table 2 ). Our detection rate was lower in certain subgroups (Table 2) . Only three informative bands were detected in 28 vector-positive colonies from donor 3. Detection rate seems to be influenced by the PBPC donor. One possibility is that the colonies from donor 3 were smaller in size than the colonies from the other donors, thus falling below the sensitivity limit. This would be in line with the fact that no specific two-step PCR amplicons were observed in 32% of colonies from donor 3 compared to only 5% from all the other donors.
The only other method published so far to analyze integration sites in hematopoietic colony-forming cells is inverse PCR with a detection rate of 30-40%. 6 It seems feasible to combine two-step PCR with inverse PCR to analyze colonies with inverse PCR after they failed twostep PCR or vice versa. LM-PCR is also expected to work for colonies and could also be used in conjunction with two-step PCR. On the other hand, the proportion of detected integration sites could also possibly be increased by using two-step PCR and three arbitrary primers as shown by Srensen et al for wild-type retroviruses. 10 With this report we extend the repertoire of methods to analyse retroviral vector integration sites in primitive hematopoietic cells by a sensitive and rapid technique. It should help to better understand the development of hematopoiesis after vector-mediated gene transfer and to characterize genomic integration sites of viral vectors, a task that appears increasingly important in the light of recent data illustrating the risks of gene therapy. . The DNA of each plucked colony was subjected to nested PCR to confirm the presence of the vector-derived MDR1 transgene. A nested PCR was performed on isolated colony DNA in a total volume of 30 ml using the Taq Master Mix Kit (Qiagen) supplemented with 13 pmol of forward and reverse primers. Forward primers mdrEx6FP1 (5 0 -TTTCATTTTGGTGGTGCCTGGCA-3 0 ) and mdrEx6FP2 (5 0 -TGCGACAGGAGATAGGCTGG-3 0 ) were located in exon 6 and reverse primers mdrEx7RP1 (5 0 -TTTGCCCAGACAG-CAGCTGA-3 0 ) and mdrEx7RP2 (5 0 -CAGGACTGATGGCCAAAAT-CAC-3 0 ) were located in exon 7 of the human MDR1 gene. PCR was carried out with the following conditions for both first-and second-round PCRs: 941C denaturation for 3 min, 30 cycles of 941C for 30 s, 551C for 30 s and 721C for 1 min followed by a final extension at 721C for 10 min. In total, 1 ml of the first-round PCR reaction was used for the second PCR. A volume of 10 ml of this PCR product was analyzed by electrophoresis on a 1.5% agarose gel. Only colonies that showed the expected 200 bp fragment were used for insertion site analysis as described below. Lane 1: DNA of the SF1m transduced cell line clone N3 served as a positive control, as it contained genomic wild-type, endogenous MDR1 and the proviral, exogenous MDR1; lane 2: human control DNA (containing only the endogenous MDR1); lane 3: SF1m vector plasmid DNA (containing only the exogenous MDR1); lanes 4-7 and 9-10: MDR1-transduced colonies; lane 8: MDR1-provirus negative colony. To estimate the size of the harvested colonies (data not shown in the figure), 10 ml of colony DNA was measured as a template in triplicate by using the Taqman s b-actin Control Reagents (Applied Biosystems, Weiterstadt, Germany) on the ABI PRISM 7700 Sequence Detection System (Applied Biosystems). To obtain a standard curve, known copy numbers of human DNA were measured. The threshold cycle (C T ) was determined for each known copy number and a standard curve was generated. The genome copy number of the colonies was interpolated from the standard curve with the help of the C T values of unknown colony DNA. The genome copy numbers were converted into DNA amount by multiplying with a factor of 6 pg DNA/cell. Detection of retroviral vector integration sites B Gentner et al
